Introduction
A hallmark of autoimmune disease is the production of high-affinity autoantibodies. Although some autoantibodies are primarily involved in tissue damage and pathogenesis, most autoantibodies do not have proven pathogenetic roles. Nevertheless, autoantibody responses for certain antigens are used as important tools for accurate diagnosis, classificiation and prognostication (Lernmark, 2001) . More importantly, a comprehensive profiling of autoantibodies may provide insights into the pathogenesis of autoimmunity Robinson et al., 2002) , since the number of target autoantigens is not diverse, but limited depending on structural properties, microenvironmental concentrations, localizations, and so on (Plotz, 2003) .
Rheumatoid arthritis (RA) is a common systemic autoimmune disease characterized by inflammation of the synovial membrane of diarthrodial joints. It is diagnosed by signs and symptoms of chronic erosive inflammation of diarthrodial joints. Autoantibodies of various type are known to be detected in RA patients (van Boekel et al., 2002) . The most representative antibody is the 'rheumatoid factor' (RF) which was first described about 75 years ago. However, the RF antibody is present only in about 75% of RA patients. Furthermore, RF is also found in patients with other autoimmune diseases such as Sjögren's syndrome and infectious diseases and in healthy populations (3-5%). Despite its relatively low specificity, the presence of RF is widely used as a diagnostic marker for RA (van Boekel et al., 2002) . Recently, autoantibody against glucose 6-phosphate isomerase (GPI) was shown to be present in the serum of RA patients (Schaller et al., 2001) . GPI is an essential enzyme in all types of cells, catalyzing the interconversion of fructose-6-phosphate and glucose-6-phosphate. Normally, the human GPI protein consists of 558 amino acids and is present in the form of a dimeric enzyme (Sun et al., 1990; Xu et al., 1995) . Even though it is a cytoplasmic enzyme, its expression was noted extraDetection of antibodies against glucose 6-phosphate isom erase in synovial fluid of rheum atoid arthritis using surface plasm on resonance (BIAcore) cellularly in joint linings (Matsumoto et al., 2002; Wipke et al., 2002) and it is genetically identical to neuroleukin, a growth factor which promotes motor neuron regeneration in vivo, survival of peripheral and central neurons in vitro, and affects B cell immunoglobulin synthesis (Gurney et al., 1986; Chaput et al., 1988; Faik et al., 1988; Haga et al., 2000; Amraei and Nabi, 2002) . In mouse models, injection of anti-GPI antibody initiated a RA-like autoimmune disease (Mandik-Nayak et al., 2002) and thus anti-GPI B cell response seems to be important for triggering of the autoimmune disease.
In this study, we produced a recombinant fusion NusA-GPI protein and tested its utilization in the detection of antibodies against GPI protein. To this end, we immobilized the purified recombinant GPI protein produced from E.coli on the CM5 sensor chips and measured the relative amounts of antibodies present in synovial fluid samples from patients of RA and osteoarthritis (OA) using the surface plasmon resonance (SPR) biosensor.
M aterials and M ethods

Construction of G PI expression constructs
The E. coli expression vector that directed the expression of human GPI cDNA was constructed as schematically shown in Figure 1 . Fragment 1 (35-740 bp of GPI) and fragment 2 (657-1677 bp of GPI) were obtained by RT-PCR with 0.25 µg of human testis total RNA (Clontech, CA). cDNA synthesis by Powerscript reverse transcriptase (Clontech) was followed by amplification by Pfu DNA polymerase (Stratagene, CA). The PCR reaction was carried out in PTC-100 TM programmable thermal controler (MJ Research, Inc., MA) and the samples were subjected to 1 min denaturation at 94 o C, 1 min annealing at 52 o C and 2 min elongation at 72 o C for 30 cycles. The obtained fragment 1 PCR product was digested with KpnI and BamHI, and the fragment 2 was digested with BamHI and NotI, and subcloned into the KpnI and NotI sites of pBluescript II KS(-) (Stratagene). For E. coli expression vector, two complementary oligonucleotides (5'-AATTCATGGCCGCTCTCACCCGG GACCCCCAGTT CCAGAAGCTGCAGCAATGGTAC-3' and 5'-CATTG-CTGCAGCTTCTGGAACTGGGGGTCCCGGGTGAGAG-CGGCCATG-3') corresponding 1-47 bp and the KpnI-NotI fragment were subcloned into pET28a and pET43.1a vector (Novagen, WI). The construct was confirmed by restriction enzyme digestion and DNA sequencing.
O verexpression and one-step purification of recom binant G PI and NusA-G PI proteins The pET28a-GPI and pET43.1a-GPI expression constructs were freshly transformed into BL21-Codonplus (DE3)-RIL (Novagen). One liter of Luria broth containing appropriate antibiotics and chloramphenicol (34 µg/ml) was inoculated with 10 ml overnight growth of E. coli tansformants bearing pET28a-GPI/or pET43. 1a-GPI and incubated at 37 o C with vigorously shaking for 3 h until an A600 of 0.7-0.8 was obtained. Then 0.4 mM IPTG was added and incubation was continued for 3 h. Cells were harvested by centrifugation at 7,000 g for 5 min and the cell pellets were frozen at -70 o C. For GPI or NusA-GPI protein, the cell pellets were resuspended in 100 ml of 20 mM Tris/HCl (pH8.0) containing 300 mM NaCl, 100 mM imidazole and 20% sucrose, and then lysed by sonication at 4 o C. The crude extract was clarified by centrifugation at 15,000 g for 1 h. One-step of Ni-NTA (Qiagen, Germany) affinity chromatography was performed in the purification of recombinant GPI protein. The column was connected to an AKTA FPLC TM (Amersham Pharmacia, Sweden). The supernatant containing GPI protein was Figure 1 . Cloning scheme of recombinant GPI expression constructs. GPI expression construct was made through several steps. Firstly, Fragment 1 (35-740 bp of GPI) and fragment 2 (657-1677bp of GPI) were obtained by RT-PCR. The obtained fragment 1 PCR product was digested with KpnI and BamHI, and the fragment 2 was digested with BamHI and NotI, and subcloned into the KpnI and NotI sites of pBluescript II. Two complementary oligonucleotides corresponding to 1-47bp, and the KpnI-NotI fragment were subcloned into pET28a and pET43.1a vector. GPI and NusA-GPI proteins were overexpressed in E. coli strains containing pET28a-GPI and pET43.1a-GPI, respectively. loaded onto pre-equilibrated Ni-NTA affinity column and washed with 100 ml of same buffer without sucrose. Then GPI fusion proteins were eluted with a linear gradient of 100-350 mM (for GPI) or 50-200 mM (for Nus-GPI) imidazole in same buffer at a flow rate of 2 ml/min, and 10 ml of fractions were collected. The GPI fractions were confirmed by SDS-PAGE and were pooled.
Determ ination of m olecular w eight of recom binant G PI and NusA-G PI proteins
The molecular weight of the purified recombinant GPI proteins was determined by gel filtration chromatography. The purified GPI protein was loaded on a Hi-Load 16/60 Superdex 200 pg column which is pre-equilibrated in 20 mM Tris/HCl (pH 8.0), 1 mM EDTA, 1 mM DTT, 0.1 mM PMSF and 300 mM NaCl. The column was calibrated with horse spleen ferritin (440 kDa), bovine liver catalase (232 kDa), rabbit muscle aldolase (158 kDa), BSA (67 kDa), hen egg ovalbumin (43 kDa), bovine pancreas chymotrypsinogen A (25 kDa) and bovine pancreas ribonuclease A (13 kDa) (Amersham Pharmacia).
Patients' synovial fluid
The experimental protocol was approved by the local ethics committee and a signed consent form was obtained from each patient. Synovial fluids of the knee joints were obtained from five patients with RA and five with OA. Diagnosis of each disease was defined according to the proposed criteria (Altman et al., 1986; Arnett et al., 1988) .
Surface plasm on resonance (SPR) analysis
Sets of binding experiments were performed using the BIAcore 2000 Upgrade (BIAcore AB, Sweden) and optical SPR biosensor system as previously described (Gil et al., 2002) . Purified GPI recombinant proteins were covalently coupled to sensor chips CM5 using standard amine coupling chemistry. Briefly, the carboxylated dextran matrix was activated by injecting a mixture of 50 mM N-hydroxysuccinimide (NHS) and 0.2 M N-ethyl-N'-(3-diethylaminopropyl) carbodiimide (1:1) for a period of 7 min. GPI fusion protein (50 µg/ml in 10 mM sodium acetate buffer, pH4.0) was then injected, followed by 1 M ethanolamine hydrochloride (pH 8.5) to block the remaining NHS ester groups. A running and dilution buffer [10 mM HEPESNaOH (pH 7.4), 150 mM NaCl, 1 mM EDTA] was used in all binding experiments and a pulse of 3.5 mM NaOH for regenerations. Biosensor surfaces were coupled to the final resonance values of approximately 4500 RU. Nonspecific binding to the matrix was eliminated by subtracting the signal obtained on a control surface (activated caboxymethyldextran saturated with BSA). All specimens were diluted 1:100 with the HEPES running buffer. Samples were injected at 10 µl/min for 3 min using multichannel detection. Samples were exposed to both active and control surfaces. The interaction curves of different patient's fluids to immobilized GPI on the sensor chip were monitored as a separate sensorgram. The response was measured in resonance units (RU). 1 RU corresponded to surface mass change of 1 pg protein/mm 2 . Estimation of the molecular weights of the purified GPI and NusA-GPI. The molecular weights of GPI and NusA-GPI were measured by gel-filtration chromatography on a Hi-Load 16/60 Superdex 200 pg column. Molecular weight markers used were (1) horse spleen ferritin (440 kDa), (2) bovine liver catalase (232 kDa), (3) rabbit muscle aldolase (158 kDa), (4) BSA (67 kDa), (5) hen egg ovalbumin (43 kDa), (6) bovine pancreas chymotrypsinogen A (25 kDa), and (7) bovine paccreas ribonuclease A (13 kDa).
R esults
Cloning, overexpression, and purification of recom binant G PI and NusA-G PI proteins The recombinant GPI protein was overexpressed in E. coli and purified to homogeneity by a single step purification protocol as described in Materials and Methods and analyzed by SDS-PAGE with Coomasie blue staining. The SDS-PAGE analysis revealed a single band of protein with molecular weight of about 65 kDa, which corresponds to the calculated weight of GPI (Figure 2A ). About 120 mg of GPI protein with 99% of purity were obtained from 1 liter of cell culture. In gel filtration chromatography, the MW of GPI protein was estimated to be 130 kDa (Figure 3) , which suggested that GPI protein was present as homodimers in the solution as previously described (Sun et al., 1999) . NusA-GPI fusion protein migrated as a band of about 127 kDa on SDS-PAGE ( Figure 2B ) and was eluted as a protein of molecular weight 515 kDa in gel filtration chromatography (Figure 3) . Therefore, NusA-GPI was considered to be present as homotetramers.
Detection of anti-G PI antibodies present in synovial fluid sam ples from patients of rheum atoid arthritis and osteoarthritis
Next we asked whether the recombinant GPI or NusA-GPI protein could be used for the detection of anti-GPI Abs present in RA patients. Synovial joint fluids from RA and OA patients were used to test the presence of anti-GPI Abs in joint fluids by the SPR analysis. The joint fluids diluted 1:100 in the running buffer were used as the mobile reactants, and the recombinant GPI or NusA-GPI proteins were immobilized on flow cell 3. The amounts of immobilized GPI and Nus-GPI fusion proteins were 4,500 RU for both GPI and NusA-GPI. The surface of reference cell, flow cell 1, was coated with 6,000 RU of an unrelated protein, BSA. 4,500 RU of NusA protein was immobilized in flow cell 2 to screen the presence of any proteins which bind NusA protein and would inhibit the accurate assay for anti-GPI Ab. The representative sensograms in Figure 4A and 4B show the difference in the magnitude of the kinetic signals generated by the binding of the joint fluids to indicated immobilized proteins (NusA-GPI, GPI, and NusA) and to BSA (flow cell 1). There was very small binding activity of joint fluids to NusA in both RA and OA samples. Typically, we could obtain higher signals with Nus-GPI protein than with GPI protein in all samples. The peak RU values for joint fluids from 5 RA and 5 OA patients were shown in Table 1 . The average RU values for RA and OA were 208.4 and 61.4 with the use of Nus-GPI and 104.3 and 38.8 with GPI, respectively. The signals from joint fluids of RA patients were significantly higher than the signals from those of OA patients when either NusA-GPI or GPI protein was used for the assay (P 0.005 for NusA-GPI and P 0.0001 for GPI, t test). Furthermore, we could confirm that the binding substance to the GPI fusion proteins were antibodies by injecting anti-human immunoglobulin antibody after the binding of joint fluids to immobilized proteins ( Figure 4C ). These data indicated that recombinant GPI and Nus-GPI proteins could be effectively used to detect anti-GPI Abs in RA patients.
D iscussion
This report describes an SPR-based assay to detect autoantibodies in the joint fluids of RA patients. The SPR assay has several advantages over other methods in the detection of autoantibodies. First, radiolabeling or other kinds of labeling is not required for detection because the measured parameter is a refractory index change, i.e. a physical quantity detected by a SPR biosensor (Schuck, 1997) . The SPR biosensors can detect specific reversible binding of a reactant in a solution to a binding partner immobilized on the surface of the sensor and allow the real-time detection and monitoring (Schuck, 1997) . Secondly, a very small amount of sample (about several microliters) is needed for a single assay. We used a 1:100 diluted samples for the assay. Thirdly, the assay is very rapid and we could obtain results in real time. However, this assay was not efficient for a simultaneous assay of multiple samples since Biacore 2000 machine has only a single line of flow and four flow cells. Each patient's samples were applied after previous samples were assayed and the cells were washed and regenerated. In contrast, the SPR assay would be very advantageous for the detection of multiple kinds of antibodies from the same patient when the SPR device with multiple flow cells is available in future. With autoantigen panels, we will be able to make a diagnosis of autoimmune diseases based on the presence of different kinds of autoantibodies which bind different sets of autoantigens . Availability of purified or recombinant autoantigens is essential for the SPR assay. In this study, we produced recombinant proteins from bacteria and tested for the assay. Since many proteins are insoluble and partition into detergent-insoluble fractions in bacterial lysate, recombinant antigens are not available in many cases. Here we tested the usefulness of NusA fusion protein. Since NusA protein is hydrophilic and increases the solubility of fusion protein (Terpe, 2003) , recombinant NusA-fused autoantigens may be produced in case that the recombinant autoantigen protein itself is largely insoluble. Next, it is necessary that there is no or little antibodies in normal individuals or autoimmune disease patients which bind NusA. Fortunately, it was shown here that there was a very small binding to the flow cell immobilized with NusA. These results indicate that NusA fusion protein may be efficiently used for the production of many recombinant antigens and the detection of autoantibodies. It would also be very advantageous to be able to overproduce and easily purify GPI. In this study, a simple and rapid preparative protocol for GPI from E. coli was employed. While most Nickel affinity chromatography steps use a stepwise elution protocol, our protocol utilized a continuous linear gradient elution and achieved a rapid one-step purification with a high yield (120 mg/1 liter of culture).
In order to utilize recombinant GPI protein to detect autoantibodies against GPI from RA patients, the recombinant GPI protein should have the same conformation with the natural GPI protein and retain epitopes recognized by autoantibodies present in RA patients. The recombinant GPI protein appears to have the intact conformation of the natural counterpart based on some physical characeristics. First, the recombinant GPI protein was purified as dimers as previously reported (Sun et al., 1999) . NusA-GPI protein was purified as tetramers, but since NusA protein itself was produced as dimers, NusA-GPI protein was also presumed to reflect the intact stoichiometry of GPI protein.
Since there was very little binding of joint fluids to NusA, the utilization of NusA fusion proteins are thought to be a good method for the study of autoantibodies when recombinant autoantigen proteins are not soluble in bacterial lysate. We interpreted that NusA fusion protein might provide higher RU values than His-tag fusion protein without NusA because NusA fusion protein is present as dimers and antibodies have a higher avidity to antigens with repeated epitopes. However, NusA fusion protein also detected antibodies in OA patients, which were not detected by the fusion protein without NusA, which suggested that NusA fusion protein might also bind some low--affinity antibodies in OA patients. In conclusion, it was demonstrated in this study that recombinant NusA--GPI fusion protein could be efficiently used for the detection of autoantibodies against GPI in RA patients using the SPR analysis.
